The adhesion of Saccharomyces cerevisiae to hydrophilic alumina (Al203) particles and its removal by caustic alkali cleaning were studied. The surface charge properties of S. cerevisiae cells and Al20 3 particles were determined by potentiometric titration as a function of pH. The cells could adhere spontaneously to Al203 surfaces even though they had the same type of net charge as that of Al203. The maximum adhesion of 44.0mg dry cell/m 2 was observed for the adhesion of negatively charged cells to positively charged Al203 in the pH range of 4.2 to 6.6. Approximately 43% of S. cerevisiae cells adhering to Al203 were desorbed rapidly by rinsing alone and the remainder was removed by subsequent caustic alkali cleaning. The rate of desorption of S. cerevisiae cells during caustic alkali cleaning depended both on the pH and on temperature, and was analyzed by evaluating the first-order desorption rate constant as a measure of cleaning efficiency. After caustic alkali cleaning, whole S. cerevisiae cells were completely removed, but polymeric substances presumably originating from alkali cell lysis remained on the Al203 surface.
INTRODUCTION
The adhesion of microorganisms to inert solid surfaces is an important concern, as their presence may cause biofouling and become a potential source of contamination in many industrial fields (Mattila-Sandholm and Wirtanen, 1992) . In food-processing plants, attachment of bacteria and yeast cells to food and food-contact surfaces may lead to the transmission of disease, food spoilage, or deterioration of equipment surfaces. Such microbial adhesion has been known to take place mainly in two stages: a reversible adhesion followed by an irreversible adhesion (Kumar and Anand, 1998) . The physicochemical properties of the microbial cell surface are important *Corresponding author . Tel : +81-82-286-9600, Fax : +81-82-286-9632. in determining the cell adhesiveness during the initial attachment process. During this stage, adhering cells can be readily removed by fluid shearing forces, e.g., by rinsing alone (Marshall et al., 1971 ). On the other hand, some of the adhering microbes subsequently produce extracellular polymeric substances that anchor the cells to the surface, resulting in an irreversible adhesion (Costerton and Irvin, 1981; Marshall et al., 1971; Matthyse et al.; . Although relatively little is known of the specific mechanisms of bacterial adhesion to solid surfaces, yeast, especially Saccharomyces cerevisiae which has so far been utilized in many fermentation industries, is known to possess this property. During the fermentation and maturing of wine, for instance, S. cerevisiae cells adhere to the inner surfaces of tanks or bottles and often become persistently difficult to clean. However, only a few studies on the attachment of yeast cells to solid surfaces and prevention of their adhesion have been reported (Vernhet and Bellon-Fontaine, 1995) . adhering to them obtained in the pH range of 3.5 to 9.5 were rinsed with 0.154 M KNO3, the adhering cells were partly desorbed from the Al203 particles. The cells remaining on Al2O3 particles after being rinsed were almost completely desorbed by the NaOH solution of pH 12 to 13 (see later in Figs. 4 and 5) . These indicate that the adhesion of S. cerevisiae cells to Al2O3 surfaces was partly reversible. In general, initial long-range weak interactions influencing the reversible adhesion process are the van der Waals forces, electrostatic forces, and hydrophobic interactions. On the other hand, short-range forces involved in the irreversible adhesion process are thought to be dipole-dipole interactions, hydrogen, ionic, and covalent bonding, and hydrophobic interactions (Kumar and Anand, 1998) . It has been reported that the phosphate ion and carboxylic acids were adsorbed on solid mineral surfaces (Al2O3, kaolinite, and FeOOH) by forming inner sphere complexes (Filius et al., 1997; He et al., 1997) . It is likely that the phosphate groups and side-chain carboxyl groups on cell wall might play an important role in the irreversible adsorption process through non-electrostaic interaction, e.g., coordinate (covalent) bonding. It was also shown that the cells could adhere to Al2O3 surfaces even though they had the same type of net charge as that of Al2O3. It is conceivable that in the contact region, that chargeable groups on the cell wall and Al2O3 surfaces have the same type of charge may be compensated by counterions, thereby preventing the generation of electrostatic repulsion. Kogure et al. (1998) and Morisaki et al. (1999) demonstrated that negatively charged Vibrio spp. cells could adhere to negatively charged glass surfaces by overcoming the energy barrier due to electrostatic repulsion between the cells and glass surfaces under high ionic strength when the cells were swimming at a high speed and had charged polymers at their surfaces. They also pointed out that the adhesion of Vibrio spp. cells to glass surfaces was irreversible although the kind of interactions governing the irreversible adhesion has not been resolved. In this study, the involvement of extracellular polymers, e.g., exopolysaccharides, of S. cereviciae and the effect of ionic strength on the cell adhesion were not studied, and therefore detailed interpretation about the adhesion mechanism cannot be drawn. It is speculated that high ionic strength (0.154 M KNO3) and frequent cell collision to Al2O3 particles under shaking conditions (140 oscillations per min) might dampen the electrostatic repulsion between the cells and Al2O3, and enable the cells to adhere to Al2O3 particles in spite of electrostatically unfavorable conditions. From the phenomenological aspect, it is thought that cell adhesion may be governed by an 
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or stainless steel (Jennings, 1965; Nagata et al., 1995) . Based on the empirical data, the desorption of soils has been known to apparently follow first-order kinetics with respect to both residual soil concentration and OH-concentration (Jennings, 1965 the initial first-order kinetic constant (k) for the desorption of -lactoglobulin from stainless steel particles during caustic cleaning with 0.02 M NaOH solution (ca. pH 12.3). From this study, they obtained the apparent E of 72 kJ/mol, which lies within the E values obtained for the removal of whole milk deposits by caustic cleaning, i.e., 67 to 138 kJ/ mol (Gallot-Lavallee and Lalande, 1985) . Compared with the E values reported in the literature, the apparent E value for the initial desorption of S. cereviciae cells is much lower but is of the same order of magnitude. It is conceivable that the rate-limiting step of the desorption of S. cereviciae cells might be less susceptible to the effect of temperature than that of protein desorption. The major influence of temperature appears to be reflected in S170 rather than k. In this study, it is thought that the effects of temperature on caustic alkali cleaning (pH 12.5) were to suppress the adsorption of cell debris on Al2O3, surfaces and to remove their residues effectively together with whole cells.
